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(54) Robot control device

(67)  Arobot control device according to an embodi-
mentincludes: an observer receiving the angular velocity
of the motor and the current command value, and esti-
mating an angular acceleration of the link, and angular
velocities of the link and the motor from a simulation mod-
el of an angular velocity control system of the motor; a
first feedback unit calculating an axis torsion angular ve-
locity from a difference between the angular velocities of
the link and the motor estimated by the observer, and
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giving feedback to the angular velocity control system; a
second feedback unit feeding back the angular acceler-
ation of the link estimated by the observer to the angular
velocity control system; and a first feedback constant cal-
culating unit compensating an end effector load mass
and increases inertia at the second feedback unit when
an end effector load in the nonlinear dynamic model has
low inertia.
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Description
FIELD
[0001] Embodiments described herein relate generally to robot control devices.
BACKGROUND

[0002] To suppress vibration of the distal end of a multi-link robot, an axis torsion angular velocity (the difference
between a link angular velocity and a motor angular velocity) needs to be estimated from a motor angular velocity
measured by an encoder installed in a motor that drives respective axes, and be fed back to a motor angular velocity
control system. In the estimation, it is required that a nonlinear observer based on a nonlinear dynamic model takes into
account elastic joints, and the nonlinear interference forces acting between the links.

[0003] To realize such a multi-input/output nonlinear observer, an accurate dynamic model needs to be built, and
robustness to variations in payload and friction-torque is required. Conventionally, an approximative observer based on
a one-input/output linear model that performs "disturbance estimation from another link and compensation in the elastic
joint model at each one link" is normally used so as to reduce the amount of calculation in control operations.

[0004] As CPUs and memories have improved in performance in recent years, a robot control device can now have
the benefit of increased computing power and large memory capacities.

[0005] However, since such an observer is based on approximation, the vibration suppression effect is not robust,
and on top of that, the engineering costs required forimplementing control laws and adjusting control gains are enormous.
[0006] Also, as angular velocity sensors can be readily obtained these days, it is possible to suppress vibration by
mounting an angular velocity sensor on each of the links of a robot arm, directly measuring axis torsion angular velocities,
and performing feedback. However, this technique requires a larger number of wirings, resulting in a problem such as
a high cost in some cases.

[0007] Furthermore, ina vibration suppression control system that performs feedback of axis torsion angular velocities,
there is a problem of a decrease in the damping effect of the vibration suppression control when the end effector load
is small or has low inertia, regardless of whether the axis torsion angular velocities are estimated by a state observer
or are directly measured.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008]

Fig. 1 is a cross-sectional view of a robot arm that is an example object to be controlled by a robot control device
according to a first embodiment;

Fig. 2 is a schematic view of one link of the robot arm shown in Fig. 1;

Fig. 3 is a block diagram showing general positions and a velocity control system;

Figs. 4(a) and 4(b) are diagrams showing fine tuning of a physical parameter using nonlinear optimization;

Fig. 5 is a block diagram showing the observer of the robot control device according to the first embodiment;

Fig. 6 is a block diagram showing the robot control device according to the first embodiment;

Figs. 7(a) and 7(b) are diagrams showing an example of vibration suppression control according to the first embod-
iment;

Figs. 8(a) and 8(b) are diagrams showing another example of vibration suppression control according to the first
embodiment;

Figs. 9(a) and 9(b) are diagrams showing the effect of vibration suppression control according to the firstembodiment;
Fig. 10 is a block diagram showing the observer of a robot control device according to a second embodiment;

Fig. 11 is a block diagram showing the observer of a robot control device according to a third embodiment;

Fig. 12 is a block diagram showing the observer of a robot control device according to a fourth embodiment; and
Fig. 13 is a block diagram showing the observer of a robot control device according to a fifth embodiment.

DETAILED DESCRIPTION

[0009] Accordingto an embodiment, there is provided a robot control device that controls a robot arm having an elastic
mechanism between a rotation axis of a motor and a rotation axis of a link, and has an angular velocity control system
that performs proportionality/integration control on an angular velocity of the motor and outputs a current command value
to the motor, the robot control device comprising: an observer configured to receive the angular velocity of the motor
and the current command value as inputs, have a nonlinear dynamic model of the robot arm, and estimate an angular
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acceleration of the link, an angular velocity of the link, and an angular velocity of the motor from a simulation model of
an angular velocity control system of the motor subjected to proportionality/integration control using a gain equivalent
to the angular velocity control system; a first feedback unit configured to calculate an axis torsion angular velocity from
a difference between the angular velocity of the link estimated by the observer and the angular velocity of the motor
estimated by the observer, and give feedback to the angular velocity control system; a second feedback unit that feeds
back the angular acceleration of the link estimated by the observer to the angular velocity control system; and a first
feedback constant calculating unit that compensates an end effector load mass and increases inertia at the second
feedback unit when an end effector load in the nonlinear dynamic model has low inertia.

[0010] The following is a detailed description of embodiments, with reference to the accompanying drawings.

[0011] The circumstances leading to the embodiments are first described before the respective embodiments are
explained.

[0012] Fig. 1 is a cross-sectional view of a two-link robot arm that is an example object to be controlled by a robot
control device according to each embodiment. This robot arm includes a mount 1, a first link 3, a first motor 4, a first
reduction gear 5, a first encoder 6, a second link 8, a second motor 9, a second reduction gear 10, and a second encoder
11. One end of the first link 3 is attached to an upper portion of the mount 1, and the second link 8 is attached to the
other end of the first link 3. A load 12 is applied the end of the second link 8.

[0013] A control device 13 causes the first link 3 to rotate about a first axis 2 horizontally with respect to the mount 1
by virtue of a combination of the first motor 4, the first encoder 6, and the first reduction gear 5 having spring properties.
The control device 13 also causes the second link 8 to rotate about a second axis 7 horizontally with respect to the first
link 3 by virtue of a combination of the second motor 9, the second encoder 11, and the second reduction gear 10 having
spring properties.

[0014] Fig. 2 is a schematic view of one link of this robot arm. This is called a two-inertia system. Referring to Figs. 1
and 2, this robot arm can be turned as a serial two-link arm having elastic joints into a nonlinear dynamic model. In Fig.
2, the first axis is shown as a typical example, in terms of the physical parameters, such as moments of inertia, friction
coefficients, and spring coefficients, which are necessary for describing a nonlinear dynamic model of a link. In the
example shown in Fig. 2, a link 30 is driven and controlled by a motor 20 via a reduction gear 25. As the physical
parameters of the first axis, the torque input to the motor 20 is represented by u4, the moment of inertia of the motor 20
is represented by my,4, the rotation angle of the motor 20 or the output detected by an encoder is represented by 64,
the viscous friction coefficient of the motor 20 is represented by dy;4, the Coulomb friction torque of the motor 20 is
represented by fyy4, the damping coefficient of the reduction gear 25 is represented by dg4, the spring coefficient of the
reduction gear 25 is represented by kg4, the moment of inertia of the link 30 is represented by m| 4, the viscous friction
coefficient of the link 30 is represented by d, 1, and the rotation angle of the link 30 is represented by 6| ;.

[0015] The nonlinear dynamic model of the serial two-link arm having elastic joints is expressed by equation (1) on
the motor side, and is expressed by equation (2) on the link side.

MMéM + DMgM + fu Sgn(éM)
=E, - N;[K;(NG0, -6,) (1)
+D,(N,8, ~8,)]

M,(0,)6, +¢,(6,,6,)+D,6,

. (2)
=K (Ngbyy —0,) + Do(Ngby, - 6,)

[0016] In the above equations,
0\ = [Om1, B2l T the rotation angle of the motor (the suffixes 1 and 2 being the axis numbers),
0 | =[0,4, 6.,]": the rotation angle of the link,
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a = [oy, 0‘2]T: the translational acceleration of the link,

My (6, )eR?*2: the inertia matrix of the link,

c,(d0,/dt, 8)eR: the centrifugal force and the Coriolis force vector,

My, = diag(my,1, myyo): the high gear inertia of the motor and the reduction gear,

Dy, = diag(dy4, dy2): the viscous friction coefficient of the motor axis,

D, = diag(d, 4, d|5): the viscous friction coefficient of the link axis,

Kg = diag(kg4, Kgp): the spring coefficient of the reduction gear,

D¢ = diag(dg4, dgp): the damping coefficient of the reduction gear,

Ng = diag(ng4, Ngo): the reduction ratio (ng4, Ngo < 1),

fy = [fm1, fuzlT: the Coulomb friction torque of the motor axis,

E = diag(e4, e,): the torque/voltage (current command value) constant, and

u = [uy, u,]T: the input voltage (the value of the command to the motor current control system).

[0017] Here, sgn(a) in equation (1) represents a sign function, and has a value of 1, -1, or 0 depending on the value
of a, which is a positive value, a negative value, or 0. Also, diag(a, b) represents a diagonal matrix that has a and b as
the diagonal matrix elements.

[0018] Where o, B, and y are base parameters formed with the length, the position of the center of gravity, the mass,
and the inertia of the link, the inertia matrix of the link is expressed as shown in equation (3).

a+p+2ycos(,) B+ycos(,,) (3)

M= pyyeosts,,) 5

[0019] The above base parameters are specifically expressed as shown in following expressions (4).

c1=m1|912+121+m2112
B=malgy?+1, (4)
y=maliIg1

[0020] In the above equations (4),

I;: the length of each link (i being the axis number),

m;: the mass of each link,

Igi: the position of the center of gravity of each link (each link being symmetrical in the longitudinal direction), and

l,;: the moment of inertia around the center of gravity of each link.

When an end effector load 12 varies, the mass m, of the link to which this end effector load 12 is applied varies, and all
of the base parameters «, 3, and y vary.

[0021] The centrifugal force and the Coriolis force vector are expressed as shown in equation (5).

—¥(26,,8,, +6,,")sin(6,,)
79L12 sin(d,,)

¢,(6,,0,)= (5)

[0022] As for the motor angular velocity control system, equation (6) that expresses two-degree-of-freedom PI control
by showing PI (proportionality/integration) control as FF-I-P (feedforward-integration-proportionality) control is used in
the basic configuration.
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ty = Ky Gy + o I(ngi ~0,)at
- krwém (i=12)

(6)

[0023] In equation (6),

doy,ri/dt: the target value of the angular velocity of the motor (i being the axis number)

dey,/dt: the angular velocity of the motor,

kry;: the feedforward control gain of the target value of the angular velocity of the motor,

kyyvi: the feedback control gain of the deviation integral of the angular velocity of the motor,

kpy;i: the feedback control gain of the proportionality of the angular velocity of the motor, and

u;: the input voltage (the value of the command (torque input) to the motor current control system).

[0024] As shown in Fig. 3, this two-degree-of-freedom PI velocity control system is designed as control systems that
are cascade-connected in the position control system (P control). Fig. 3 shows the two-degree-of-freedom Pl velocity
control system for the first axis.

[0025] In the description below, attention is focused on the angular velocity control system of the motor minus the
position control system, and the angular velocity control system of the motor is described as a continuous system where
the control cycle is assumed to be reasonably short.

[0026] First, the end effector load 12 of the two-link arm shown in Fig. 1 is set at 5 kg, for example, and the physical
parameters (hereinafter including the base parameters o, 8, and y) shown in equation (1) are estimated by using a known
identification method. This identification method may be the identification method disclosed in Non-Patent Document 1
(Kobayashi et al., ACTUALS OF ROBOT CONTROL, Chapter 3, Identification Method of Robot, Corona publishing
company, 1997, pp. 62-85), an identification method that takes into account the joint rigidity of the robot model as
disclosed in JP-2772064B, or the like.

[0027] Those estimated physical parameters as well as the motor velocity control gain are substituted into equation
(1) expressing the dynamic model and equation (6) expressing the velocity feedback control law. As a result, a time
response simulator of a velocity control system of a serial two-link arm is built, and a check is made to determine whether
the time response simulator is in synchronization with the time response of the actual robot.

[0028] If the physical parameters are accurately estimated by the above identification method, those time responses
should be in synchronization with each other. If the time responses are out of synchronization by a small amount, the
physical parameters are finely tuned by using an optimization calculation according to the nonlinear least-squares method
(such as the Levenberg-Marquardt method) using the above time response simulator. Fig. 4(a) shows an example of
the angular velocity step response prior to optimization, and Fig. 4(b) shows an example of the angular velocity step
response after the optimization. In each of Figs. 4(a) and 4(b), the abscissa axis indicates time, the ordinate axis indicates
angular velocity, the solid line indicates the response of the actual robot, and the dashed line indicates the result of the
response of the simulator. As can be seen from Fig. 4(b), the simulator and the actual robot can have similar angular
velocity step responses to each other, as the physical parameters are optimized.

[0029] Inview of this, in this embodiment, an observer that estimates angular velocities of links from angular velocities
of motors measured by the encoder is built, and not only the measured values of angular velocities of the motors but
also the estimated values of angular velocities of the links are fed back so that the robot arm is operated with high
precision while vibration of the end of the robot arm is suppressed.

[0030] In a case where state feedback is performed by using values estimated by the observer, a feedback gain of
the observer and a gain of the state feedback need to be set and adjusted. According to the modern control theory,
feedback control is performed after a state variable is reproduced by the observer, and therefore, the poles of the observer
are located much closer to the left half of the plane (the negative real part region) than the poles of the state feedback
in a complex plane.

[0031] In practice, however, such a high gain cannot be setin an observer that has various kinds of noise and modeling
errors. When the positions of the poles of the observer are adjusted in accordance with the response of the actual robot,
the poles of the observer might be located close to the poles of the state feedback.

[0032] If a Kalman filter is used, an observer can be designed systematically. In that case, however, it is necessary
to set parameters of an assumed noise model. Further, in robust control such as H* control (H-infinity control) that
involves neither an observer nor state feedback, a control system can be designed by actually taking into account noise
and modeling errors. However, any of the methods requires the use of a CAE (Computer-Aided Engineering) tool, and
therefore, it is difficult to perform manual adjustment at the work site.

[0033] In view of the above, in each of the embodiments described below, attention is focused on the fact that time
responses of a velocity-controlled actual robot and a simulation are similar to each other, and an observer that takes
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advantage of the high accuracy of estimates of the physical parameters is formed. Observers according to the respective
embodiments are described below.

(First Embodiment)

[0034] Fig. 5 shows an observer of a robot control device according to a first embodiment. The observer 200 of the
first embodiment includes first-axis and second-axis Pl controllers 201 and 202, a two-link arm nonlinear dynamic model
203, and integrators 204a, 204b, 204c, 204d, 205a, 205b, 205c, and 205d that integrate outputs of the nonlinear dynamic
model 203. The PI controller 201 performs PI control based on the deviation of the velocity d8y,/dt of the motor that
drives a first axis with respect to an estimated value of the rotation angle of the motor that drives the first axis. The PI
controller 202 performs Pl control based on the deviation of the velocity d6,,,/dt of the motor that drives a second axis
with respect to an estimated value of the rotation angle of the motor that drives the second axis. The two-link arm
nonlinear dynamic model 203 estimates angular accelerations of first and second links based on the nonlinear dynamic
model that is based on a first input 74 that is the sum of an output of the Pl controller 201 and a control input u4 of the
first axis, and a second input t, that is the sum of an output of the PI controller 202 and a control input u, of the second
axis. The two-link arm nonlinear dynamic model 203 also estimates angular accelerations of the respective motors that
drive the first and second links. The two-link arm nonlinear dynamic model 203 outputs the estimated angular acceler-
ations.

[0035] The integrator 204a integrates the estimated value of the angular acceleration of the first link output from the
nonlinear dynamic model 203, and outputs the estimated value of the angular velocity. The integrator 204b integrates
the output of the integrator 204a, and outputs an estimated value of a rotation angle of the first link. The integrator 204c
integrates the estimated value of the angular acceleration of the motor driving the first link, which is output from the
nonlinear dynamic model 203, and outputs the estimated value of the angular velocity of the motor. The integrator 204d
integrates the output of the integrator 204c, and outputs an estimated value of a rotation angle of the motor that drives
the first link.

[0036] The integrator 205a integrates the estimated value of the angular acceleration of the second link, which is
output from the nonlinear dynamic model 203, and outputs the estimated value of the angular velocity. The integrator
205b integrates the output of the integrator 205a, and outputs an estimated value of a rotation angle of the second link.
The integrator 205¢ integrates the estimated value of the angular acceleration of the motor driving the second link, which
is output from the nonlinear dynamic model 203, and outputs the estimated value of the angular velocity of the motor.
The integrator 205d integrates the output of the integrator 205c, and outputs an estimated value of a rotation angle of
the motor that drives the second link.

[0037] The estimated values of angular accelerations of the first and second links, the estimated values of angular
velocities of the first and second link, the estimated values of angular velocities of the motors that drive the first and
second links, and the estimated values of rotation angles of the motors are output from the observer 200.

[0038] Also, in the observer 200, an estimated value of a torsion angular velocity of the first link is calculated based
on the estimated value of the angular velocity of the first link, the reduction ratio ng4 of the reduction gear located between
the first link and the motor that drives the first link, and the estimated value of the angular velocity of the motor that drives
the first link. This estimated value is then output. Likewise, an estimated value of a torsion angular velocity of the second
link is calculated based on the estimated value of the angular velocity of the second link, the reduction ratio ng, of the
reduction gear located between the second link and the motor that drives the second link, and the estimated value of
the angular velocity of the motor that drives the second link. This estimated value is then output.

[0039] This observer 200 of the first embodiment functions exactly like a simulator, as the observer 200 contains the
entire robot arm nonlinear dynamic model 203, and the observer gains of the Pl controllers 201 and 202 are the PI
control gains of the existing velocity control systems of the respective axes of the robot arm. That is, the observer gains
of the Pl controllers 201 and 202 are equivalent to velocity control. As integral control is included, a function of adjusting
the steady-state deviation of an output estimated value to zero is also included. There are no engineering costs required
for approximation and gain adjustment in installing the observer 200.

[0040] A PI control observer based on a nonlinear dynamic model is expressed in a two-stage differential form shown
in equations (7) generated by transforming equation (1). In equations (7), the symbol "A" indicates an estimated value.



10

15

20

25

30

35

40

45

50

55

EP 2 835 227 A1

éM = MM_! {'—DMQIM = fu sgn(éM)
+Er "'NG[KG(NGHM "“91,)

+ D, (Vo -6,
b= M,(6,)[~c,6,,6,)- D,0 (7)
+Ko(Ney ~6,)+ Do (Vo ~6,)]
r=Kyy 6y ~0,)+ Ky [0 ~8,)dr +u

[0041] In equations (7),

d0y,/dt = [d6y,/dt, dBy,/dt]T: @ motor angular velocity input to the observer,

u = [uy, u,]T: an input (motor current command value) to the observer,

Kpy = diag(kpy4, Kpy2): velocity deviation proportionality control gain,

Ky = diag(kjy4, k2): velocity deviation integral control gain, and

1 = [t4, 1]T: an input (motor current command value) to the observer.

[0042] Here, the same gains as those of P and | of the FF-I-P control (two-degree-of-freedom Pl control) of the velocity
loop of the actual robot are selected as the observer gains of the Pl controllers 201 and 202. In this case, only the degree
of freedom of the following properties of the observer is taken into consideration, and therefore, Pl control having a
feedforward system as a proportionality system, or FF = P, is set as Pl control. This system is a type of nonlinear observer
having a constant gain. Also, as integral control is included, the steady-state deviation of an output estimated value is
made zero, and a function as an external disturbance removal observer is included.

[0043] The state observer expressed by equations (7) is installed in the robot control device 13, and a state can be
estimated by performing integration twice in real time with the use of integrators shown in Fig. 5. The integration to be
actually performed is numerical integration.

[0044] In angular velocity control of a two-inertia system, the angular velocities of the motors, the angular velocities
of the links, and the three-state quantities of the axis torsion angular velocities of the motors and links, are fed back. In
this manner, the poles can be set in desired positions, and readiness (the angle of the control system attaining a target
value) and a damping rate can be freely set. However, this accompanies readjustment of the existing Pl control systems,
and therefore, it is difficult to perform the process. In view of this, state feedback is first performed only with estimated
values of axis torsion angular velocities (the differences between the link angular velocities and the motor angular
velocities) that are output from the observer 200. In the feedback of the axis torsion angular velocities, an effect to
increase only the damping rate without changing the gain-crossover frequency of the Pl control is expected (Non-Patent
Document 2 (Sugimoto et al., THEORY AND ACTUAL DESIGN OF AC SERVO SYSTEM, Chapter 7, Design of Velocity
control system and Position control system, Sougou-denshi-shuppansha, 1990, pp. 153-179)). Accordingly, manual
adjustment at the work site is easy, and particularly, this observer is easily introduced into a control device for industrial
robots.

[0045] Fig. 6 is a block diagram of state feedback control using the observer 200 shown in Fig. 5. Motor angular
velocities (encoder differences) and input voltages (current command values) for the motor drivers are input to the
observer 200. State feedback units 301, 302, 303, and 304 that receive estimated values of axis torsion angular velocities
about the first and second links from the Pl control observer 200 can be realized by plugging those values into the two-
degree-of-freedom PI control (FF-I-P control) shown in equations (7), and have the control law expressed by equation (8).
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ty = kO + _“(émi ~0,,)dt
- kméM‘ (8)
—kpy; (éu Ing—6,)  (i=12)

[0046] The state feedback control gains kry; (i = 1, 2) of the estimated values of the axis torsion angular velocities can
be easily subjected to manual adjustment with reference to time response waveforms. Since an observer based on an
accurate nonlinear dynamic model of a robot arm having elastic joints is used, a sufficient effect can be achieved with
state feedback only with respect to the first axis in vibration suppression control performed on a robot arm formed with
serial links. Although a feedback constant calculating unit 305 for link angular accelerations to increase inertia is shown
in Fig. 6, the function of the feedback constant calculating unit 305 will be described later.

[0047] Figs. 7(a) and 7(b) respectively show the velocity step response waveform of the first axis in a case where the
end effector load 12 is 5 kg and no axis torsion angular velocity feedback control is performed, and the velocity step
response waveform of the first axis in a case where the end effector load 12 is 5 kg and axis torsion angular velocity
feedback control is performed. In Figs. 7(a) and 7(b), the waveforms of the link responses and the waveforms of the
motor responses are adjusted to the same time axis, with the reduction ratio being taken into consideration. In the
observer, a dynamic model having an end effector load of 5 kg is used. As can be seen from Fig. 7(a), the responses
only under PI control (without any observer) are large in vibration amplitude, and are slow in damping. On the other
hand, as can be seen from Fig. 7(b), the responses under control also involving feedback of axis torsion angular velocities
(with an observer) are small in vibration amplitude, and are fastin damping. That is, the responses under control involving
the feedback of axis torsion angular velocities shown in Fig. 7(b) have a much better link angular velocity response than
the responses only under PI control shown in Fig. 7(a).

[0048] Figs. 8(a) and 8(b) respectively show the velocity step response waveform of the first axis in a case where no
load is applied, or the end effector load 12 is 0 kg, and no axis torsion angular velocity feedback control is performed,
and the velocity step response waveform of the first axis in a case where the end effector load 12 is 0 kg and axis torsion
angular velocity feedback control is performed. In Figs. 8(a) and 8(b), the waveforms of the link responses and the
waveforms of the motor responses are adjusted to the same time axis, with the reduction ratio being taken into consid-
eration. In the observer, a dynamic model in which the end effector load 12 is 0 kg is used. As can be seen from Fig.
8(a), the responses only under PI control (without any observer) are large in vibration amplitude, and are slow in damping.
On the other hand, as can be seen from Fig. 8(b), the responses under control also involving feedback of axis torsion
angular velocities (with an observer) are small in vibration amplitude, and are slow in damping at the rise time. That is,
the responses under control involving the feedback of axis torsion angular velocities shown in Fig. 8(b) have a better
link angular velocity response but have lower rise-time damping than the responses only under PI control shown in Fig.
8(a).

[0049] This is because, when the end effector load is small or when inertia is low, the damping effect of the vibration
suppression control by feedback of axis torsion angular velocities becomes smaller. In other words, this is considered
to be degradation of damping control performance due to a decrease in the inertia moment ratio between the link side
and the motor side in the two-inertia system, or a decrease in inertia ratio (Non-Patent Document 3 (Takesue et al., A
Consideration on Inertia-Ratio and Damping Property of Vibration of Two-Inertia System, IEEJ, D, Vol. 121, 2, 2001,
pp. 283-284)).

[0050] In view of the above, this embodiment uses inertia increasing control so as to make the link-side inertia appear
larger when the end effector load is small. The control law is formed by adding negative feedback of estimated values
of link angular accelerations to equation (8) (the state feedback units 303 and 304 shown in Fig. 6), and is expressed
as shown in equation (9).
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U= kméum +hy J.(éMRi - gMi )dt

- k;’wé)\:i . ( 9 )
=Ky (6, / 1 = Os)
- kAVzéLi (i=12)

[0051] Here, the state feedback control gains k,y; of estimated values of angular accelerations have a link inertia
moment dimension, and are considered to be capable of compensating the inertia variation Am of the end effector load
of the robot arm. For example, when the inertia matrix in equation (3) is varied (reduced) by Am, the base parameters
o, B, and y change to o’, ', and y', respectively, as shown in equations (10).

o'=o-Am
B'=p-Am (10)
y'=y-Am

[0052] If o, B’, and ¥y’ after the inertia variation of the end effector load of the robot arm expressed in equations (10)
are assigned to the (1, 1) component of the inertia matrix in equation (3), equation (11) is obtained, with the reduction
ratio ng¢ being taken into account.

Kavi=(2+2¢c0s(8.2))Amxngy (11)

[0053] According to equation (11), the state feedback control gains of estimated values of angular accelerations of
the first axis can be calculated. Equation (11) represents the function of the feedback constant calculating unit 305 shown
in Fig. 6 for link angular accelerations to increase inertia.

[0054] Figs. 9(a) and 9(b) respectively show the velocity step response waveforms of the first axis in a case where
the end effector load 12 is 0 kg and neither axis torsion angular velocity feedback control nor link angular acceleration
feedback is performed, and the velocity step response waveforms of the first axis in a case where the end effector load
12 is 0 kg, and axis torsion angular velocity feedback control and link angular acceleration feedback are performed. In
Figs. 9(a) and 9(b), the waveforms of the link responses and the waveforms of the motor responses are adjusted to the
same time axis, with the reduction ratio being taken into account. In the observer, a dynamic model in which the end
effector load 12 is 0 kg is used. As can be seen from Fig. 9(a), the responses only under Pl control (without any observer)
are small in vibration amplitude, and are slow in damping at the rise time. On the other hand, as can be seen from Fig.
9(b), the waveforms in the case where axis torsion angular velocity feedback and link angular acceleration feedback
are performed are small in vibration amplitude, and are fast in damping. That is, the link angular velocity response is
much better in the case where axis torsion angular velocity feedback and link angular acceleration feedback are added
as shown in Fig 9(b), than in the case where only PI control is performed as shown in Fig. 8(a) and even in the case
where only axis torsion angular velocity feedback is added as shown in Fig. 8(b). In the case shown in Fig. 9(b), an
inertia increasing control effect is apparent.

(Second Embodiment)

[0055] Fig. 10 shows a robot control device according to a second embodiment. This control device of the second
embodiment has a function of controlling link angular acceleration feedback through increases and stabilization of inertia,
and a function of calculating the gain of the feedback control.

[0056] The decreases in inertia described above occur not only when the end effector load is small but also when the
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posture of the robot arm changes. In a two-link robot arm, for example, the inertia around the first axis decreases as the
angle of the second axis becomes larger. In view of this, decreases in inertia due to postural changes are to be com-
pensated by link angular acceleration feedback.

[0057] If an inertia decrease from the maximum value of the (1, 1) components of the inertia matrix shown in equation
(3) is taken into account in a two-link robot arm, equation (12) is established.

Kavi=2y(1-cos(Bi2))ne: (12)

[0058] According to equation (12), the control gain of feedback of a link angular acceleration of the first axis can be
calculated. Through this feedback, constant inertia is maintained regardless of postures of the arm, or inertia fixing
control is realized, and a vibration suppressing effect equal to the above described inertia increasing control is achieved.
[0059] It is possible to use the inertia fixing control and the inertia increasing control of the first embodiment at the
same time. Where equation (11) and equation (12) are combined, equation (13) is obtained.

Kavi=[(2+2c0s(62))Am+2y(1-cos(812)) Ine: (13)

[0060] According to equation (13), the feedback control gains of link angular accelerations by virtue of the inertia
increasing and fixing control on the first axis can be calculated. This is the function of a feedback constant calculating
unit 305A shown in Fig. 10 for link angular accelerations using inertia increasing and fixing control.

[0061] Further, when attention is focused on the off-diagonal elements of the inertia matrix shown in equation (3), the
feedback control gains kg4 and kgy» of link angular accelerations through control for higher and constant inertia can
be calculated with respect to the (1, 2) component and the (2, 1) component, as shown in equations (14) and (15).

ka1=[(1+cos(92L))Am+y(1~cos(e|_2))]nm (14)

kgv2=[(1+COS(92L))Am+y(1—COS(6L2))]n(;1 (15)

[0062] With the use of Kg\/4 and kgy,, the feedback of the angular acceleration of the second axis is added to the first
axis in equation (9), and the feedback of the angular acceleration of the first axis is added to the second axis in equation
(9), equation (16) is obtained.

Uy = ko + o I(émi ~6,,)dt

- kPl’igMi

"km(éu/nm _9Mi) ( 16 )
- kA Viél,i

~ k6, (i=12,j=21)

[0063] Inthis manner, a vibration suppression control system that further performs generalized control for higher inertia
and constant inertia is obtained. Fig. 10 is a block diagram of the entire vibration suppression control system that further
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performs control for higher inertia and constant inertia.
(Third Embodiment)

[0064] Fig. 11 shows an observer of a robot control device according to a third embodiment. The observer 200A of
the third embodiment is the same as the observer 200 of the first embodiment shown in Fig. 5, except for further including
a physical parameter switching unit 206. As shown in Fig. 11, the observer 200A of the third embodiment performs
switching (gain scheduling) of the physical parameter set for a nonlinear dynamic model 203 with the physical parameter
switching unit 206 with respect to an end effector load variation and the friction force variation accompanying the end
effector load variation, so that the vibration suppression performance becomes robust regardless of variations of the
end effector load and the friction force in the robot. To switch the physical parameter set explicitly, a robot language
such as "Payload (5 kg)" is input, for example, and is used when the end effector load varies. The physical parameter
set includes a mass, a moment of inertia, a friction coefficient, a spring coefficient, and the like.

[0065] In the example shown in Fig. 11, the physical parameter switching unit 206 requires six physical parameter
sets for the end effector loads of 5 kg, 4 kg, 3 kg, 2 kg, 1 kg, and 0 kg. However, as long as the physical parameter set
for 5 kg is accurately estimated, the physical parameter set for the end effector load of 4 kg can be generated by the
above described optimization technique using the nonlinear least-squares method. In the same manner, the physical
parameter set for 3 kg can be generated from that for 4 kg, the physical parameter set for 2 kg can be generated from
that for 3 kg, the physical parameter set for 1 kg can be generated from that for 2 kg, and the physical parameter set for
0 kg can be generated from that for 1 kg.

(Fourth Embodiment)

[0066] Fig. 12 shows an observer of a robot control device according to a fourth embodiment. This observer 200B of
the fourth embodiment is the same as the observer 200 of the first embodiment shown in Fig. 5, except for further
including a physical parameter switching unit 206A. This observer 200B of the fourth embodiment takes into account
cases where there is an offset at the application position of an end effector load. In this case, the inertia moment of the
end effector load greatly varies. Therefore, as shown in Fig. 12, the physical parameter switching unit 206A performs
physical parameter scheduling, taking into account offsets (such as the following three types: 0.0 m, 0.1 m, and 0.2 m).
A robot language such as "Payload (5 kg, 0.1 m)" is input, for example, and is used when the end effector load varies.
Each physical parameter includes a mass, a moment of inertia, a friction coefficient, a spring coefficient, and the like,
as in the third embodiment shown in Fig. 11.

(Fifth Embodiment)

[0067] Fig. 13 shows an observer of a robot control device according to a fifth embodiment. This observer 200C of
the fifth embodiment differs from the observer 200 of the first embodiment shown in Fig. 5, in further including a table
storage unit 207, a step response data comparing unit 208, and a physical parameter optimizing unit 209. This observer
200C of the fifth embodiment may have an end effector load that deviates from a numerical value such as 5 kg, 4 kg, 3
kg, 2 kg, 1 kg, or 0 kg. In Fig. 13, the table storage unit 207 is prepared for storing velocity step response data of
respective masses (5 kg, 4 kg, 3 kg, 2 kg, 1 kg, and 0 kg) of end effector loads acquired in advance, and the physical
parameter sets corresponding to the masses.

[0068] First, velocity step response data of an actual machine having an unknown end effector load is acquired. At
the step response data comparing unit 208, the acquired velocity step response data is compared with the velocity step
response data of the respective end effector loads stored in the table storage unit 207. Based on the results of the
comparisons, the end effector load closest to the end effector load corresponding to the velocity step response data of
the actual machine is selected from among the end effector loads of, for example, 5 kg, 4 kg, 3 kg, 2 kg, 1 kg, and 0 kg,
which are stored in the table storage unit 207. The physical parameter set corresponding to the selected end effector
load is set as initial values. In selecting the end effector load closest to the end effector load corresponding to the velocity
step response data of the actual machine, the end effector load that minimizes the sum of the squares of the differences
between the velocity step response data of the actual machine and the velocity step response data of the respective
end effector loads stored in the table storage unit 207 is selected.

[0069] Further, the physical parameter optimizing unit 209 performs an optimization calculation by using the above
described physical parameter set selected as the initial values. This optimization calculation is exactly the same as the
above described technique using the nonlinear least-squares method. In this manner, an accurate physical parameter
set can be obtained even for an unknown end effector load. Accordingly, a high-precision observer can be constructed,
and effective vibration suppression control can be provided.

[0070] Asdescribed above, according to each of the embodiments, the engineering costs of an observer that estimates

1"



10

15

20

25

30

35

40

45

50

55

EP 2 835 227 A1

a link angular velocity from a motor angular velocity can be dramatically lowered in the vibration suppression control for
the end of a multi-link robot arm. Furthermore, even if the end effector load and the friction force of the robot vary, robust
vibration suppression performance can be realized.

[0071] The mechanism in which the existing velocity Pl control systems do not need to be re-tuned and do return to
the original Pl control systems when the additional feedbacks such as vibration suppression control and inertia increasing
control are separated therefrom, satisfies the needs at the work site.

[0072] A configuration in which an entire simulator of this embodiment based on a nonlinear dynamic model is included
in a control device may be used in the field of process control with a time axis 100 or more times greater than that of a
robot. However, this method aims to perform future set-point control (for liquid level, pressure, temperature or the like)
in an optimum manner so as to save energy, and is not suitable for servo control for achieving target-value following
performance in real time with a robot or the like.

[0073] By the methods disclosed in JP 2005-120212A and the like, an observer based on some kind of approximation
in a nonlinear dynamic model is used. Therefore, robust vibration control performance cannot be achieved in a wide
operating range, even though champion data can be obtained. Furthermore, the engineering costs for a reduction in
calculation amount and adjustment of observer gains become higher.

[0074] Motor drive makers have suggested many other techniques such as a vibration suppression control technique
and adaptive control and auto tuning techniques for the vibration suppression control. However, those techniques are
based on general-purpose observers that use an elastic joint model and external disturbance estimation for each link
regarded as a load on a motor, and therefore, are of course inferior in performance to a technique that regards a multi-
link robot arm dynamic model explicitly.

[0075] In this embodiment, on the other hand, an observer that is based on a nonlinear dynamic model and has no
approximation is used, and physical parameter gain scheduling is also performed in accordance with variations in end
effector load and friction force. Accordingly, robust vibration control performance can be achieved in a wide operating
range. Furthermore, variations in friction force caused by variations in end effector load are also taken into account, and
gain scheduling is also performed on friction coefficients as well as masses and inertias. Also, since there is no need to
design observer gains, no engineering costs are required, which is a great advantage over conventional techniques.
[0076] While certain embodiments have been described, these embodiments have been presented by way of example
only, and are not intended to limit the scope of the inventions. Indeed, the novel methods and systems described herein
may be embodied in a variety of other forms; furthermore, various omissions, substitutions and changes in the form of
the methods and systems described herein may be made without departing from the spirit of the inventions. The ac-
companying claims and their equivalents are intended to cover such forms or modifications as would fall within the scope
and spirit of the inventions.

Claims

1. A robot control device that controls a robot arm having an elastic mechanism between a rotation axis of a motor
and a rotation axis of a link, and has an angular velocity control system that performs proportionality/integration
control on an angular velocity of the motor and outputs a current command value to the motor,
the robot control device comprising:

an observer configured to receive the angular velocity of the motor and the current command value as inputs,
have a nonlinear dynamic model of the robot arm, and estimate an angular acceleration of the link, an angular
velocity of the link, and an angular velocity of the motor from a simulation model of an angular velocity control
system of the motor subjected to proportionality/integration control using a gain equivalent to the angular velocity
control system;

afirst feedback unit configured to calculate an axis torsion angular velocity from a difference between the angular
velocity of the link estimated by the observer and the angular velocity of the motor estimated by the observer,
and give feedback to the angular velocity control system;

a second feedback unit that feeds back the angular acceleration of the link estimated by the observer to the
angular velocity control system; and

a first feedback constant calculating unit that compensates an end effector load mass and increases inertia at
the second feedback unit when an end effector load in the nonlinear dynamic model has low inertia.

2. The device according to claim 1, further comprising
a second feedback constant calculating unit configured to compensate a decrease in inertia caused by a postural
change in the robot arm, and cause the inertia to be constant regardless of the postural change at the second
feedback unit.
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The device according to claim 1, further comprising

a physical parameter switching unit configured to switch physical parameter sets in accordance with a classification
of a mass of an end effector load of the robot arm, each of the physical parameter sets including a moment of inertia,
a friction coefficient, and a spring coefficient that are set in the nonlinear dynamic model.

The device according to claim 1, further comprising

a physical parameter switching unit configured to switch physical parameter sets in accordance with a classification
of a mass of an end effector load of the robot arm and a classification of an offset at a location of the end effector
load, each of the physical parameter sets including a moment of inertia, a friction coefficient, and a spring coefficient
that are set in the nonlinear dynamic model.

The device according to claim 1, wherein the physical parameter switching unit includes:

a table storage unit configured to store velocity step response data of respective end effector load masses
prepared in advance, and physical parameters used in acquiring the velocity step response data;

a step response data comparing unit configured to compare velocity step response data of the robot arm with
the velocity step response data stored in the table storage unit, and select initial values of the physical parameters
based on a result of the comparison; and

a physical parameter optimizing unit configured to acquire the velocity step response data of the robot arm,
compare the acquired velocity step response data with the velocity step response data of the respective end
effector load masses stored in the table storage unit, estimate initial values of physical parameters based on a
result of the comparison, perform a nonlinear optimization calculation by using the estimated initial values of
the physical parameters to adjust a simulation step response waveform of the robot to a real step response
waveform of the robot, and optimize the physical parameters.

The device according to claim 5, wherein the physical parameter optimizing unit selects an end effector load that
has the smallest sum of squares of differences between the acquired velocity step response data and the velocity
step response data of the respective end effector load masses among the end effector loads stored in the table
storage unit, and estimates physical parameters corresponding to the selected end effector load as the initial values
of the physical parameters.
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